ABSTRACT: The VSOP (VLBI Space Observatory Programme) mission is a Japanese-led project to study radio sources with sub-milliarcsec angular resolution, using an orbiting 8-m telescope on board the satellite HALCA with a global earthbased array of telescopes. A major program is the 5 GHz VSOP Survey Program, which we supplement here with VLBA observations to produce a complete and flux-density limited sample. Using statistical methods of analysis of the observed visibility amplitude versus projected (u,v) spacing, we have determined the angular size and brightness temperature distribution of bright AGN radio cores. On average, the cores have a diameter (full-width, half-power) of 0.20 mas which contains about 20% of the total source emission, and 14 ± 6% of the cores are < 0.04 mas in size. About 20 ± 5% of the radio cores have a source frame brightness temperature T b > 1.0 × 10 13 K, and 3 ± 2% have T b > 1.0 × 10 14 K. A model of the high brightness temperature tail suggests that the radio cores have a brightness temperatures ≈ 1 × 10 12 K, and are beamed toward the observer with an average bulk motion of β = 0.993 ± 0.004.
Introduction
On 1997 February 12, the Institute of Space and Astronautical Science of Japan (ISAS) launched a satellite called HALCA, with an 8-m radio telescope dedicated exclusively to Very Long Baseline Interferometry (VLBI) (Hirabayashi et al. 1998) . The mission, called VSOP, with a spacecraft apogee height of 21400 km, gives unparalleled brightness temperature sensitivity, and allows studies of radio sources with angular resolution as small as 0.2 mas. About 75% of the mission observing time was devoted to peer-reviewed scientific projects, proposed by the world-wide astronomical community (called General Observing Time, GOT). Many VSOP publications show the complexity and evolution of the sub-milliarcsec structure of AGNs (Piner et al. 2000; Lobanov & Zensus 2001; Lister et al. 2001a; Tingay et al. 2002; Kameno et al. 2003; Murphy et al. 2003; Giroletti et al. 2004) .
In order to insure that a complete flux-density limited sample of AGNs were observed during the observing lifetime, the mission-led part, the VSOP 5-GHz AGN Survey, was given a major portion of the remaining observing time for sources which were not already included in GOT proposals. A general goal of the survey is a compilation of a catalog of AGN which would be used in part for planning for future space VLBI missions. A more immediate goal, reported in this paper, is to characterize the properties of the sub-milliarcsec structure in AGN, especially their angular size and brightness temperature distributions.
This paper, the fourth in the VSOP AGN Survey series, presents a non-imaging statistical analysis of the angular size and brightness temperature distributions of strong AGNs. This is complementary to the approach in Paper III Scott et al. (2004) which shows the images, model fits, angular sizes and bright temperatures for 102 sources. A description of the survey compilation and supporting VLBA observations was given in Paper I by Hirabayashi et al. (2000) , with additional material in Fomalont et al. (2000a) . The VSOP observations and data reductions are described in Paper II by Lovell et al. (2004) (see also Moellenbrock et al. (2000) ). In §2, we discuss the source selection and in §3 describe how the observed visibility amplitude versus projected spacing was determined in order to obtain a statistic which could be used to determine the angular size properties of AGN. In §4, we derive the angular size and brightness temperature distributions. We compare them with other high resolution surveys and scintillation observations, and fit a simple model to the distributions. The major results are summarized in §5.
Compilation of the Data-Base

The VSOP AGN Survey Sample
The VSOP 5 GHz AGN sample was defined to include all cataloged extragalactic, flat-spectrum radio sources in the sky with • a total flux density at 5 GHz, S ≥ 0.95 Jy • a spectral index α ≥ −0.50 (S ∝ ν α ) • a galactic latitude |b| ≥ 10
• . This sample contains 344 sources. This spectral index criterion eliminated from consideration about 300 extragalactic sources with flux density > 1 Jy near the galactic plane, or with steep radio spectra and thus little milliarcsec structure. These sources are arcseconds in size and dominated by double-lobed structures (eg. FRI and FRII type radio sources) and are generally associated with radio galaxies. At the beginning of 2002 when this database was assembled, about 50% of the VSOP observations had been observed and processed. Because the selection of observed sources was randomized by the need to fill in observing holes between the GOT observations, little bias is introduced by not completing the observations of the entire list (See Fig. 1 of Paper III) before this analysis of the data.
An integral part of the planning for the VSOP Survey was VLBA observations over a 24-hour period in 1996 June, call the VLBA pre-launch survey (VLBApls). All 303 sources of the 344 sample sources north of declination −43
• were observed at 5 GHz, and the survey results are given by Fomalont et al. (2000b) 2 . The VLBApls survey served two important functions for the VSOP Survey. First, the VLBA results, with baselines up to 8000 km, indicated which of the AGN are sufficiently large so that higher resolution VSOP observations on baselines between 5000 km and 25000 km were not feasible. Secondly, when combined with the VSOP data, this enhanced database covers baselines between 100 km and 25000 km so that a detailed analysis over a large range of the angular structure of AGNs could be made. Although the VLBA data were implicitly used in Paper III in order to obtain VSOP images which were consistent with the lower resolution data, direct use of the VSOP+VLBA data provides a more accurate determination of the sub-milliarcsec properties of AGNs, less susceptible to selection effects, observational biases and the present incompleteness of the observations.
Determining the Visibility Database
The observational procedures and data reduction techniques for the survey experiments are given in Papers II and III. After calibration and editing, the basic database for each source is composed of a set of correlated visibilities (amplitude and phase), measured at many (u,v) spacings. Numerous examples of the character of the data are given in Fig. 2 of Paper III. For many of the survey observations only two or three ground telescopes with HALCA for three or four hours were used. The large variation of the observation time and ground telescope participation produced a set of images with a wide range of quality and resolution, and direct analysis of them can lead to uncertainties in determining the unbiased properties of AGNs. Thus, our statistical analysis uses the visibility data directly in order to determine the AGN distribution of angular size and brightness temperature..
In order to extend the range of resolution of the data, we concatenated the VSOP data and the VLBApls data, and for this reason we have restricted the analysis to the 303 survey sources north of declination −43
• which is covered by the VLBA observations. In Fig. 1 we give an example of the concatenated data set for J1626−2951 and relevant processing. Fig. 1a shows the visibility amplitude versus the projected (u,v) spacing for the VSOP data observed on 22 February 1998, plus the VLBA data observed on 05 June 1996. The effect of the source variability is obvious since the VLBA points which overlap in spacing with the VSOP points are considerably higher. Using the flux density monitoring of the sources with the Australia Telescope Compact Array (ATCA) (Tingay et al. 2003) , we find that the flux density of this source in June 1996 was 3.0 Jy, but only 2.1 Jy in February 1998. Although the variable component in most AGN are confined to a small region of the emission extent, the overlap in spacing and position angle between the VLBA and VSOP surveys are sufficient to compare their visibility amplitude. In the example of Fig. 1a , if the VLBA amplitude scale is multiplied by 2.1/3.0, a better continuity between the VLBA and VSOP points, as shown in Fig. 1b , is obtained. (The large change in flux density for this source is atypical.) Source variability corrections to an accuracy of 10% were obtained from the ATCA and University of Michigan 3 source monitoring programs which include most of the sources in the VSOP sample. Finally, in order to decrease the size of the database, we averaged the observed visibility amplitude in bins of width 40 Mλ, and this plot is shown in Fig. 1c . With the above processing, we obtained a database containing the visibility amplitude over a wide range of projected spacing for all sources.
The VSOP Survey source list of the 303 sources north of declination −43
• is given in Table 1 . It is arranged as follows:
Columns 1 and 2 give the J2000 name, and an alternative name.
Column 3 lists the total flux density of the source at 5 GHz. Most of the sources are variable and the total flux density comes from that of the original finding catalog, as described in , or from the VLBA observations.
Column 4 gives the optical identification: q=quasar, e=elliptical galaxy, g=faint galaxy (> 24 mag), b=BLLac object, e=empty field. 
The Relative Visibility versus Projected Spacing
The data for all sources were processed to that of the form given in Fig. 1c . In order to have a statistic which is independent of the total flux density of the source, we normalized the measured correlated flux density of each source to the average visibility amplitude in the first bin of average spacing 20 Mλ. We will denote this normalized flux density as the relative visibility (RV) and it is a property of the source structure, regardless of the total intensity of the source. The properties of the RV with projected (u,v) spacing (PS) is the statistic that are used to categorize the source structure properties of AGN.
In order to determine an unbiased RV versus PS distribution, we averaged the contributions of the 303 sources in the following manner. First, we included the 115 fully-reduced sources, Class=A, 48.1% of the sample. We contend that those sources not yet observed or reduced, Class=B, have the same average properties of those in Class=A. We included a representative portion of the 50 sources (Class = C) which were too resolved to be observed with HALCA but are Fig. 2 shows the dependence of the average RV versus PS for the sample. Although data from 165 sources of the 303 in the sample are included, the distribution should be representative of the entire sample, as described above. A preliminary version of this distribution, with fewer sources, was presented by Lovell et al. (2000) . The distribution shows a strong decrease between 20 Mλ and 140 Mλ, with a less steep decrease at longer spacings. At 500 Mλ, the RV is 20% of that at 20 Mλ. Based on the measured total flux density of the sources (see Table 1 , col 3) the visibility amplitude at the first point at 20 Mλ is, on average, only 52% of the total source flux density at zero projected spacing. Thus, a typical AGN contains about half of its emission in angular scales > 10 mas which is invisible in the VLBA and VSOP observations, but contained in the total source flux density.
For comparison, the distribution from the VSOP observations of the Pearson-Readhead (PR) sample at 5 GHz (Lister et al. 2001a ) is also shown in Fig. 2 . This sample of 27 sources is defined by δ > 35
• , total flux density > 1.3 Jy, with correlated flux density > 0.4 Jy on a 6000 km (100 Mλ) baseline. Using the same visibility amplitude normalization as that used with the VSOP Survey sample, the PR distribution is in reasonable agreement with that found with the VSOP sample. For the PR sample, there is smaller decrease of the RV for the longer spacings since the sample definition included a criterion concerning the compactness of a source.
The distribution of the RV versus PS can be interpreted as that produced by a typical AGN structure. We have, thus, fit this distribution to an average source structure, given by the dashed line in Fig. 2 . For the space baselines of P S > 180 M λ, the distribution can be fit with a component of angular size 0.20 ± 0.02 mas, containing 0.40 ± 0.04% of the mas-scale flux density, or about 20% of the total flux density. The fit to shorter spacings is more ambiguous, and a range of angular scale components are needed. Most of the emission is contained in an ≈ 1 mas-sized component, but some emission is required in a component of ≈ 2.4 mas to fit the shortest VLBA spacings. As described above, a typical AGN contains even more extended emission with a scale size > 10 mas which is unobservable with the VLBA or VSOP, but have been imaged with lower frequency VLBI surveys.
The fit in Fig. 2 of the three components with different angular scales is consistent with the known structure of many AGNs: The smallest angular component is the radio core which is generally less than 1 mas in size. This component is associated with the inner part of the radio jet which is often beamed toward the observer. The two larger components are consistent with the radio jet and internal structures observed in many sources. The radio emission, which is completely resolved out in these observations, is associated with larger-scale kpc-size emission. Since the structure of most radio sources is asymmetric with the radio core at one end of a linear structure, we originally fit the data in Fig. 2 to an asymmetric spatial distribution of the three components. However, the fitting is insensitive to source asymmetry, but depends strongly on the component angular scales.
The Statistical Properties of Radio Cores
The Angular Size Distribution
Each plotted point in Fig. 2 represents the average RV for the set of sources. By fitting this RV distribution to a typical AGN source model, we obtained an average source structure. In Fig. 3 we show the range of values for the RV associated with three spacings; 60 Mλ, 220 Mλ and 440 Mλ, and the spread of these values is related to the distribution of the angular size of the AGN population. At the shortest spacing of 60 Mλ, about 60% of the sources are nearly unresolved (RV> 0.8), and about 12% of the sources have RV< 0.4. At the long spacing of 440 Mλ, nearly 40% of the sources have RV< 0.2, and only about 30% have RV> 0.4.
In order to determine the range of source sizes which are consistent with the distributions in Fig. 3 , we used the template structure of the threecomponent average source model. In other words, we assumed that all sources have the same shape RV versus PS, but are scaled in angular size (or spacing). We then convolved this template structure with a two-parameter log-normal distribution P (θ), where θ is the angular size of the radio core,
with parameters θ l , the log-mean of the angular size distribution, and d, the dispersion in the log of the angular size. The best fit for these two parameters was obtained by minimizing the χ 2 difference between the observed distribution in Fig. 3 with that expected from the template structure model, convolved with the distribution in Eq. (1). The result of this fit is a core size of θ l = 0.052 mas and dispersion d = 1.45, and the fit is shown by the dark plotted points in Fig. 3 . The error bars represent the estimated error based on the number of sources used in each spacing range.
The cross-hatched histogram in Fig. 4 shows the angular size distribution for this fit. Approximately 80% of the radio sources have a core angular size in the range 0.03 mas to 0.8 mas. (The two larger radio components follow the same distribution, but are 5 and 12 times larger than the core.) About 14% and 4% of the sources may have an angular size less than 0.06 mas and 0.04 mas, respectively. Although the smaller angular sizes are clearly beyond the resolution capabilities of these observations of about 0.15 mas for the stronger cores (Paper III), our assumption of reasonable continuity in the distribution of angular sizes, implied by the use of Eq. (1), does infer that these small angular size components are likely to exist.
We also fit the RV vs PS distribution in Fig. 3 with an angular size model which attempts to minimize the number of small sources. The fainter, circle points show a fit to the data with parameters θ l = 0.09 mas and d = 1.08. These values produce an additional χ 2 deviation from the data which makes this solution (or a more extreme one) less than 15% as likely as a solution closer to the best model. This angular distribution limit is shown by the open histogram in Fig. 4 , where it is referred to as 'largest core'. For this distribution, the proportion of sources with cores with an angular diameter less than 0.06 mas has dropped from 14% to 6%, with only 1% less than 0.04 mas. The difference between the two distributions is an indication of the model error.
The Brightness Temperature Distribution
The brightness temperature distribution of the core component in the observer's frame, T b ∝ S/θ 2 , can be derived from the angular size distributions given in Fig. 4 , and the average core flux density, S. To obtain this core flux density, Fig. 5a shows a similar distribution to that of Fig. 2 , but with the y-axis as the correlated flux density, rather than the RV. We have divided the distribution into a low and a high redshift distribution, separated at z = 0.8 which is the redshift median value for the sample. Thus, the core component, which becomes dominant at spacings greater than 300 Mλ, has an average flux density of 0.5 Jy. The dependence of the core flux density with redshift is small, so that the assumption of converting the angular size distribution to a brightness temperature distribution using a welldefined average core flux density of 0.5 Jy is valid.
The brightness temperature distributions in the observer's reference frame are shown in Fig. 6 , for the best-fit angular size distribution and the 'large-core' angular distribution. About 14% of the sources have T b > 1.0 × 10 13 K for the best fit angular size distribution; whereas only 6% are above this temperature for the large-core fit. For both distribution, approximately half of all AGN have a radio core with T b > 1.0 × 10 12 K. These distributions agree well with that in Paper III derived from the images. Because our data modeling does not contain rigid cutoffs at the high resolution limit of the observations, but uses a reasonable extrapolation below the formal resolution limit the VSOP observations, the distributions in Fig. 6 extended to higher brightness temperatures than that from other VLBI surveys of AGN. Our addition of AGN which were not observed with VSOP because of the lack of significant small-scale structure also extends the brightness temperature distributions to lower values than other VLBI surveys.
To correct the brightness temperature T b from the observer to the source reference frame, the factor (1 + z), where z is the source redshift, should be applied to the brightness temperature. Fig. 5b shows the redshift distribution of the 267 sources in the sample with measured redshifts. The distribution is relatively flat out to z = 1.5, and then drops off with a maximum redshift somewhat less than 3.0 for this sample. The average value of (1 + z) is 1.81. The plot in Fig. 5c shows a comparison of the approximate source brightness temperatures given in Table 1 , col (8) versus redshift. There is clearly little systematic dependence of the brightness temperature with redshift, hence a simple multiplication of the brightness temperature scale in Fig. 6 by 1.81 converts from the observer frame to the source frame. This assumption should produce an error no larger than the 15% difference in the average core flux density for high and low brightness sources, as shown in Fig. 5a .
We believe that the statistical analysis of the VSOP+VLBA observations gives the most realistic and unbiased estimate of the proportion of high brightness radio cores at 5 GHz yet available. In the source reference frame approximately 25% of the radio cores have T b > 1.0×10
13 K using the best fit angular size distribution, but this proportion drops to 16% for the largest core angular size distribution. The proportion of the core with T b > 1.0 × 10 14 K is 4% and 1% for the two distributions. This brightness temperature corresponds to a resolution which is a factor of 10 sharper than the observed VSOP data, but we believe the percentages are reliable. Approximately 65% of the radio cores have T b > 1.0 × 10 12 K.
The above results are consistent with other surveys of compact radio sources. In the 15-GHz observations of Kovalev et al. (2004) , 18 of 160 sources (13%) have T b > 1.0 × 10 13 K and 46% have T b > 1.0 × 10 12 K. A 22 GHz survey (Moellenbrock et al. 1996) found a similar percentage of high brightness objects. Our percentage of cores with T b > 1.0 × 10 12 K is in reasonable agreement (as it should be since the data overlap is large) with the 53% found by Scott et al. (2004) from the images and model-fitting of 102 sources from the VSOP Survey 6 . The highest brightness temperatures that has been measured for an individual source is 5.8 × 10
13 K for AO0235+164 at 5 GHz (Frey et al. 2000) .
The scintillation of many radio sources also implies that they contain radio components with 6 Twenty sources in the Scott sample are not included in this statistical analysis because they were south of δ < −43, or not within the strict definition of the catalog completeness. About 30 additional sources, with good visibility data, but not yet imaged, are included this statistical analysis. -Chudczer et al. 2001) . Of the 710 sources surveyed with the VLA at 4.9 GHz, the Micro-Arcsecond Scintillation-Induced Variability Survey (MASIV) (Lovell et al. 2003) , about 12% were classified as variable. The variability in the total flux density averaged about 6%, and that the variable time scales varied from a few hours to a few days. An approximate interpretation of these results is: about 12% of the AGNs contain a radio component with 6% of the total source flux density and T b ≥ 10 14 K. The results from our statistical analysis suggests that about 20% of the AGNs contain a radio component with 20% of the total source flux density and T b ≥ 10 13 K. These two descriptions of the properties of the high brightness radio cores are compatible. Finally, a correlation between sources which scintillate and those which have relatively large correlated flux density observed by VSOP was reported by Lister, Tingay & Preston (2001b) using the PR sample of sources. The detailed study of the scintillation properties of the VSOP sample is in progress.
Brightness Temperature Modeling
It is generally assumed that the maximum brightness temperature from a synchrotron emitting radio source is T max ≈ 10 12 K, because the strong inverse-Compton emission will quickly quench the radio emission above this brightness (Kellermann & Pauliny-Toth 1969; Lister et al. 2001a; Tingay et al. 2001; Kellermann 2002) . Calculations based on equipartion of energy arguments suggest that this limit may be as low as 10 10.5 K (Readhead et al. 1996) . Other emission mechanisms have also been proposed, including relativistic induced Compton scattering (Sincell & Krolik 1994) and coherent synchrotron emission processes (Melrose 2002) , which have a higher brightness temperature limit. The observed brightness temperatures above T max , however, can be produced by the Doppler boosting (Shklovsky 1963) of the emission from the radio core material which moves with a relativistic bulk velocity v b nearly in the direction to the observer, given by the angle, ψ.
In order to obtain estimates of the three parameters, T max , β = v b /c and ψ needed to reproduce the high brightness tail of the distribution in Fig. 6 , we used the following simple model: The number density of the source brightness temperature, T < T max , is proportional to log(T max /T ); the motion of this material is β, and the maximum orientation to the line of sight is ψ. For a more detailed modeling of superluminal sources, see Vermeulen & Cohen (1994) . The plotted points in Fig. 6 are those for the values T max = 1.0 × 10 12 K, β = 0.993, ψ = 35
• . Reasonable fits are obtained for the range 0.5 < T max < 2.0 and 0.990 < β < 0.997. Similar model parameters are obtained from multi-epoch observations of the 'superluminal' motions of radio components, which suggest β ≈ 0.99, corresponding to γ = (1 − β 2 ) −0.5 ≈ 10 (Vermeulen & Cohen 1994; Kellermann et al. 2000; Kovalev et al. 2004 ).
Conclusions
Before the launch of HALCA, there was little direct evidence concerning the brightness temperature distribution of radio components associated with AGN. Figs. 2 and 3 show that at 5 GHz with baselines up to 25,000 km there is significant emission for many AGNs, and future use of a space-VLBI mission with substantially longer baselines are required to probe the evolution and structure of these high brightness radio cores. Future space VLBI missions with longer baselines and substantially improved sensitivity are, thus, required to probe the evolution and structure of these high brightness cores in AGNs.
The VSOP AGN Survey was compiled in order to determine the properties of the sub-mas radio structure of strong AGN. The source sample covered the entire sky (|b| > 10
• ) and included sources at 5 GHz above 1 Jy, with a relatively flat spectral index. No other criteria were used. The analysis in this paper provides an attempt at an unbiased determination of the radio source structure parameters by using the measured RV versus PS properties in a simple and straight-forward manner. An analysis from the derived images and models of the individual sources (Scott et al. 2004 ) obtains similar results on the angular size and brightness temperature of the AGNs.
The major properties of AGN derived from the statistical analysis described in this paper are:
• About 50% of the total emission from an average AGN is completely resolved using at the shortest VLBA spacings, and are therefore contained in a component > 10 mas in size.
• About 40% of the milliarcsec emission (20% of the total emission) comes from a radio core of average size 0.20 ± 0.02 mas.
• About 80% of the radio cores have an angular size in the range of 0.03 to 0.8 mas. We estimate that 10±4% of the cores are < 0.06 mas at 5 GHz.
• A majority of the AGN radio cores have a brightness temperature in excess of 1.0×10
12 K, and we estimate that 20 ± 5% of the cores have T b > 1.0 × 10 13 K and 3 ± 2% have T b > 1.0 × 10 14 K in the source reference frame.
• The derived brightness temperature distribution is in good agreement with the results from other high-resolution radio source surveys and with radio scintillation observations.
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